Background is presented in early chapters for those interested in solids who are not experts in crystallography. Chapters 1 to 3 cover crystal systems and classes, symmetry, and terminology used in describing crystal structures. Chapter 4 treats metals, other elements and compounds with structures based on close-packing of P layers. Chapter 5 deals with structures (PO) based on closepacked ions (or atoms) in P layers and other ions (or atoms) in O layers. Chapter 6 deals with structures based on close-packed ions (or atoms) in P layers with other ions (or atoms) in one or both tetrahedral layers (PT or PTT). Compounds in Chapter 7 have ions (or atoms) in various combinations of P, T and O layers, including cases where all PTOT layers are occupied. Chapter 8 deals with compounds involving unusual combinations of layers and multiple layers, cases where one layer is occupied by more than one of the A, B or C packing positions. Intermetallic compounds are covered in Chapter 9, silica and silicates are covered in Chapter 10, and selected organic compounds are covered in Chapter 11. Chapter 12 provides a summary and covers the interpretation of structures and assignment of notation. Two appendices cover the literature, general considerations of solids, and predictions of structures.
Earlier books have missed the beauty of the general scheme for crystal structures. Considering structures of metals, including those at high temperature and pressure, the body-centered cubic (bcc) structure is as common as the cubic close-packed (ccp) and hexagonal close-packed (hcp) structures. The common bcc structure of metals has been considered as an anomaly, an exception to close packing. This view, based on packing hard spheres, is too limited because metal atoms are not hard spheres. In some cases the bcc structure has about the same or even greater density than ccp or hcp forms of the same metal. In the PTOT system bcc is shown to be an expected example of the general system based on close packing. It is an elegant example of the case where all layers are fully occupied.
Structures involving full packing layers and one tetrahedral layer (PT) are about as common for ccp (ABC sequence) as for hcp (AB sequence) structures. The sodium chloride structure (PO), with chloride ions ccp and sodium ions in octahedral layers, is the most common MX ionic structure. The hcp counterpart is the NiAs structure, an unusual and uncommon structure because the octahedral sites are poorly screened. Fluorite, CaF2, and Li2O are the common structures for MX2 and M2X structures. These are based on ccp structures involving packing layers and both tetrahedral layers, all filled (PTT). The counterpart in the hcp system is rarely encountered and is found only for unusual compounds, because the adjacent T sites are too close for full occupancy without bonding. The severe limitations in PO and PTT hcp structures have not been recognized. Many examples of compounds involving partially filled layers of each type are included here and those, based on the hcp system, are found with sites in positions occupied staggered to avoid interferences.
Layered silicates reveal two types of filled close-packed layers of oxide ions. Those bonded to Al 3þ or Mg 2þ ions in octahedral sites are the usual close-packed layers, oxide ions form a network of hexagons with an oxide ion at the centers. The oxide layers forming the bases of tetrahedra have oxide ions which form smaller hexagons without oxide ions at the centers. This is also the pattern found for layers 2/3 filled, but those oxide layers in silicates are filled. For many of the layered silicates the repeating units, based on packing positions, requires stacking as many as three unit cells.
The manuscript was almost finished when we learned of the CrystalMaker 1 computer program. Many structures in the CrystalMaker library were added and many figures were redone. The availability of many silicate structures resulted in Chapter 10, including structures of silica and some silicates moved from earlier chapters. Later thousands of other structures were made available in CrystalMaker by Professor Yoshitaka Matsushita of the University of Tokyo. Many of these were added or structures from other sources were replaced.
Many structures are included from Wyckoff's volumes, Crystal Structures, and Pearson's The Crystal Chemistry and Physics of Metals and Alloys. Refinements are available for some of these structures. The descriptions and figures of these and other some older sources are good for visualizing and understanding the structures. That is important and CrystalMaker has been a great aid in this regard.
Figures in the book are limited in size and to grayscales. The addition of a CD, based on CrystalMaker, makes it possible to use color and larger figures. It provides an opportunity to show steps which can be taken to interpret and understand structures. The detailed examination of layered silicate structures shows general features not noted earlier.
The CD with the book is intended as an educational tool and a resource of structures using CrystalMaker. It should help visualization of structures and seeing relationships among similar structures. The first three parts of the CD are in slide-show format. Part I includes various types of structures. Part II illustrates the determination of relative positions of atoms in layers in a structure. Part III involves the interpretation of the structures of two complex metal silicates. Part IV includes representative structures in CrystalMaker. The user can manipulate structures in many ways using CrystalMaker demos included for Mactinosh and Windows. The figures were selected, prepared, and organized by Bodie Douglas, but the CD was created by Stephen B. Douglas, Jr. Carol Fortney, a doctoral student, helped solve some problems with CrystalMaker files for PCs.
We appreciate the help of Dr. Darel Straub, retired from the University of Pittsburgh, for critical review of the manuscript. Senior Editor David Packer of Springer obtained a reviewer who had the background in chemistry and crystal structures to see the value of the proposed book. They helped with the title and Appendix B. The book was produced by Chernow Editorial Services under the supervision of Barbara Chernow. Our objective is to maintain the high standard maintained by Springer and help those interested in crystal structures and solid state applications.
Bodie Douglas Shih-Ming Ho Pittsburgh PA
Introduction
Investigators from many disciplines are interested in crystal structures, but with very different perspectives. X-ray crystallographers provide the detailed structures that are the bases for those used in other disciplines. Mineralogists are interested in identification, morphology, and chemical composition of minerals. Geologists are interested in identification, chemical composition, and chemical environments of ions in minerals. They are concerned with the formation and transformation of minerals during the changes in the earth over the ages. Chemists are interested in the classification of crystals, the coordination number and local symmetry of ions in crystals (not only minerals), and their relationship to those of similar structure or similar chemical formula. Material scientists are interested in the chemical and physical properties of substances. Properties greatly depend on structures. No notation proposed satisfies the needs of all investigators. The notation used for X-ray crystallography serves well for describing structures in complete detail, but is not well suited for the interests of many investigators other than crystallographers.
When we consider crystal structures we usually think of the pattern and symmetry of the packing of the atoms, ions, or molecules in building the lattice based on X-ray crystallography. However, detailed descriptions of crystals and their classification are much older. The seven systems of crystals and the 32 classes of crystal symmetry were recognized by 1830. The 14 Bravais Lattices were presented by A. Bravais in 1848.
The early work of great scientists is inspiring and impressive considering the information available to them. The German astronomer J. Kepler was impressed by the regular and beautifully shaped snow flakes (Figure 1 .1). He expressed his emotional response in a paper in 1611 entitled ''A New Year's present; on hexagonal snow.'' This inspired him to the idea that this regularity might be due to the regular geometrical arrangement of minute equal units. Later, he considered close packing of spheres and drew a lot of pictures we would now consider as space lattices. The inspiration from the packing of tiny units to build beautiful crystals to the vast dimensions of his field of astronomy led him to believe that the material world (or universe) was the creation of a ''spirit,'' delighting in harmony and mathematical order. The wonderful developments in almost 4 centuries since, just confirm his insight.
The French mineralogist René J. Haü y published a paper in 1782, in which he concluded, from studies of cleavage of calcite (CaCO 3 ) and other crystals, that crystals are produced by regular packing of units he called ''parallelepipeds.'' Figure 1 .2 is a reproduction of one of his figures illustrating the construction of the ''dog-teeth'' habit of calcite from rhombohedral units. Like Kepler, he concluded that crystals are geometrical structures. His work has been admired, and he has been cited as the father of crystallography.
The English physicist William Barlow began as a London business man; later he became interested in crystal structures and devoted his life to that study. In 1894, he published his findings of the 230 space groups. It is amazing that from consideration of symmetry three scientists in different countries arrived at the 230 space groups of crystals at about this time. Barlow then worked with ideas of close packing. He pictured the atoms in a crystal as spheres, which, under the influence Obviously, much of the development of crystallography predates the discovery of diffraction of X-rays by crystals. Early studies of crystal structures were concerned with external features of crystals and the angles between faces. Descriptions and notations used were based on these external features of crystals. Crystallographers using X-ray diffraction are concerned with the unit cells and use the notation based on the symmetry of the 230 space groups established earlier.
The notation for simplest descriptions of crystal habits and the much more complicated notation for the 230 space groups fail to provide information about the primary concerns of the chemist. Chemists are interested in the immediate environment of atoms or ions, such as coordination number and symmetry. Structures are often referred to by the chemical name or the common names of minerals: sodium chloride, cesium chloride, zinc blende, wurtzite, rutile, perovskite, etc. To describe another crystal structure as a variation of rutile or perovskite requires the visualization of rutile or perovskite to understand the relationship of the other structure to the reference structure. The notation for space groups is not adequate for simple visualization of such variations of a structure. A simple notation that can be visualized easily is needed. Such a simple notation based on close packing is presented here. Packing positions are designated P positions or layers, and interstitial positions T (tetrahedral) and O (octahedral) also occur in layers between P layers. Between any two close-packed layers there are two T layers and precisely halfway between the P layers there is one O layer, giving the sequence PTOT. Thus, this is known as the PTOT notation or system. The sequence and relative spacing of PTOT layers is exactly the same for cubic close-packed (ccp) or hexagonal close-packed (hcp) structures or even uncommon, more complex, close-packed structures. Simple examples illustrate the system before we present more detailed descriptions. The very common structure of sodium chloride can be regarded as having layers of Cl À (or Na þ ) in all P (packing) positions in a ccp arrangement with Na þ (or Cl À ) in all O (octahedral) positions. Thus, the repeating sequence is jP A OP B OP C Oj . . . The three packing positions for ccp are indicated by A, B, and C. Because there are six layers in the repeating sequence the notation is 3Á2PO. One of the structures of ZnS is zinc blende, described here as a ccp arrangement of S 2À in P layers with Zn 2þ in all T sites of one T layer between the P layers, giving the sequence jP A TP B TP C Tj . . . or 3Á2PT. The other ZnS structure is wurtzite, with an hcp arrangement of S 2À in P layers with Zn 2þ in all T sites of one layer between P layers giving P A TP B T . . . or 2Á2PT. There are only two packing positions, A and B, for hcp. The relationship between the two structures 3Á2PT and 2Á2PT is easily visualized if we remember the ccp and hcp structures. The first number of the index indicates the close-packed structure, 3 for ccp and 2 for hcp. The product is the total number of layers in the repeating sequence.
The most common structures for metals are ccp and hcp, but more than a dozen metals have the body-centered cubic (bcc) structure as the primary structure (under normal conditions). Even more than this number of metals have the bcc structure at high temperature or pressure. The bcc structure is not truly close packed, and the packing is not as efficient in space filling for hard spheres. The common occurrence of bcc for metals was considered anomalous. It can be considered as a simple example of filling all P, O, and both T layers by the same atoms in a ccp arrangement of the P layers giving the notation 3Á2PTOT. For bcc, the structure must expand for hard spheres because the atoms in the O and T positions are larger than the O and T voids. As we will see (Section 4.3.1), the bcc and ccp structures are very closely related, and are interchangeable by compression or expansion.
The common name of the structure of CaF 2 is fluorite, the name of the mineral. The PTOT notation for fluorite is 3Á3PTT. Because there is the same number of sites in each P, O, and T layer, the stoichiometry of CaF 2 indicates that in 3Á3PTT Ca 2þ ions are in P layers and F À ions fill all T sites in both T layers. The index product indicates that there are nine layers in the repeating unit or jP A TTP B TTP C TTj giving a ccp arrangement of Ca 2þ ions (P A P B P C ) with F À ions filling both T layers. The structure of Li 2 O is called the antifluorite structure. In the PTOT system, it is 3Á3PTT, the same as that of CaF 2 . The stoichiometry requires that the O 2À ions are in P layers and Li þ ions in all sites of both T layers.
We have seen examples of the 1:1 stoichiometry corresponding to NaCl (3Á2PO) and ZnS (3Á2PT or 2Á2PT). Rutile (TiO 2 ) has P layers filled by O 2À with Ti 4þ in O sites. The stoichiometry is 1:2 and this is clear from the notation 2Á2PO 1=2 . Only 1/2 of the sites in the O layer are filled and the P layers are hcp. Later we will examine a more systematic treatment of applications of the PTOT notation. It applies to thousands of inorganic crystal structures including more complex structures. It is not limited to metals and MX, MX 2 and M 2 X com-pounds. These few examples are used here to illustrate the simple PTOT system. All P, O, and T layers have the same hexagonal close-packed arrangement within each layer. The two T layers are equivalent for ccp and hcp, and for ccp, only P and O layers are interchangeable, and together they are equivalent to the two T layers (considered together). Because of these similarities, ccp, hcp, the simple cubic structure, and even bcc structures can be handled in the PTOT system. It also applies to much more complex structures. The PTOT system provides a framework for considering the mechanism of formation and transformation of crystal structures. The transformations of structures of metals, ccp, hcp, and bcc, are of particular interest. These are considered in detail in Chapter 4.
In this book we are particularly interested in simple descriptions of structures that are easily visualized and providing information of the chemical environment of the ions and atoms involved. For metals, there is an obvious pattern of structures in the periodic table. The number of valence electrons and orbitals are important. These factors determine electron densities and compressibilities, and are essential for theoretical band calculations, etc. The first part of this book covers classical descriptions and notation for crystals, close packing, the PTOT system, and the structures of the elements. The latter and larger part of the book treats the structures of many crystals organized by the patterns of occupancies of close-packed layers in the PTOT system.
Classification of Crystals, Point Groups, and Space Groups
Seven Crystal Systems and the 14 Bravais Lattices
From the study of angles between faces and cleavage planes of crystals T. Bergman and R. Haü y concluded, independently, around 1780, that all crystals consist of a masonry-type arrangement of equal parallelepipedal building bricks. Later it was recognized that there are seven crystallographic unit cells of crystals. The Seven Systems of Crystals are now usually grouped in terms of their axes of symmetry:
1. Cubic System with four threefold axes (along cubic diagonals) 2. Tetragonal System with one fourfold axis (through the centers of the two square faces). 3. Orthorhombic System with three twofold axes (through the centers of opposite faces). 4. Trigonal (or Rhombohedral) System with one threefold axis. 5. Hexagonal System with one sixfold axis. 6. Monoclinic System with one twofold axis. 7. Triclinic System with no axes of symmetry.
The trigonal system can be considered as a subdivision of the hexagonal unit. On this basis there would be only six different crystal systems, but conventionally, the trigonal system (also called the rhombohedral system) is retained separately. Figure 2 .1 shows two rhombohedral cells within a hexagonal cell.
A crystal lattice is an array of points arranged according to the symmetry of the crystal system. Connecting the points produces the lattice that can be divided into identical parallelepipeds. This parallelepiped is the unit cell. The space lattice can be reproduced by repeating the unit cells in three dimensions. The seven basic primitive space lattices (P) correspond to the seven systems. 
Point Groups
Symmetry is the fundamental basis for descriptions and classification of crystal structures. The use of symmetry made it possible for early investigators to derive the classification of crystals in the seven systems, 14 Bravais lattices, 32 crystal classes, and the 230 space groups before the discovery of X-ray crystallography. Here we examine symmetry elements needed for the point groups used for discrete molecules or objects. Then we examine additional operations needed for space groups used for crystal structures.
The presence of an n-fold axis (C n ) of symmetry requires that an object be invariant to rotation through 3608/n. The square planar PtCl 2À 4 (Figure 2. 3) has a C 4 axis through the center of and perpendicular to the plane, two equivalent C 2 axes through the centers of the edges and Pt, and two equivalent C 2 axes through diagonally arranged Cl atoms and Pt. There are two equivalent symmetry (mirror) planes (s) through the centers of the edges and Pt and two equivalent symmetry planes through diagonal Cl atoms and Pt. Such symmetry planes through the major (highest order) C n axis are called vertical planes (s v ). There is another symmetry plane through Pt and all Cl atoms. Such a plane perpendicular to the major axis is called a horizontal plane (s h ). The Pt atom is located at a center of symmetry (i) because inversion of any Cl atom (or any point) through the inversion center (the origin) gives an equivalent Cl atom (or an equivalent point).
There is another symmetry element or operation needed for discrete molecules, the improper rotation, S n . A tetrahedron (the structure of CH 4 , Figure 2. 3) has C 3 axes through each apex (along one C}H bond) and C 2 axes through the centers of the tetrahedral edges. There are also symmetry planes through each of these C 2 axes. In addition, if we rotate about one of the C 2 axes of CH 4 by 908 and then reflect through a mirror plane perpendicular to the axis we have an equivalent arrangement of CH 4 . This is an improper rotation, S n , here S 4 . The S n operation involves rotation by 3608/n followed by reflection through the plane perpendicular to the axis of rotation. All of these symmetry operations are used to assign point groups to objects or discrete molecules.
Point groups are designated by Schoenflies symbols. Groups involving proper rotations only are C n groups, T (tetrahedral), O (octahedral), or I (icosahedral) groups. Although the T, O, and I groups have no other symmetry operations, simple molecules or ions such as CH 4 (T d ), SF 6 (O h ), and B 12 H 2À 12 (I h ) have many other symmetry elements. The S n groups involve only proper and improper rotations, although S 2 is equivalent to i. Dihedral groups (D n , D nh , D nd ) have n C 2 axes perpendicular to the major C n axis. The trigonal BF 3 molecule (Figure 2. 3) has C 3 as the major axis and three C 2 axes perpendicular to C 3 . These are the symmetry operations for the D 3 point group, but there is a symmetry plane perpendicular to C 3 (s h , through all atoms) so the point group is D 3h . The point group for PtCl 
has two dicyclopentadienyl rings: one planar ring below, and one above the Fe atom. The C 5 H 5 rings are in parallel planes and are staggered when viewed along the C 5 axis. There are five C 2 axes perpendicular to the C 5 axis. There are five vertical mirror planes, each bisecting the angle between C 2 axes. These are called dihedral planes, a special case of vertical planes, and the point group for Fe(C 5 H 5 ) 2 is D 5d . Chemists use the Schoenflies Notation and rotation-reflection for improper rotation in assigning point groups. Crystallographers use the International (Hermann-Maguin) Notation and rotationinversion as improper rotation in assigning space groups. Proper rotations C 1 , C 2 , C 3 , C 4 , and C 6 are designated by the numbers 1, 2, 3, 4, and 6 in the International System. Improper rotations (rotationinversion) are indicated by a bar over the number, 1 1, 2 2, 3 3, 4 4, and 6 6 Rotation-reflections are indicated by1 1,2 2,3 3,4 4, and6 6. The result of these operations on a point in a plane is shown in Figure 2 .4. The results of proper rotations are shown by an unsymmetrical symbol 7. The results of both types of improper rotations are shown acting on a marker appearing as X on top and O on the bottom so that reflection in m or inversion turns it over. The rotation-inversion and rotation-reflection axes are equivalent in pairs, as shown in Table 2 .2. Conventionally, these improper axes are designated as 1 1, m, 3 3, 4 4, and 6 6 where a mirror plane is indicated by m.
If a mirror plane contains a proper rotation axis it is designated 2m, 3m . . . If the mirror plane is perpendicular to the axis, it is 2/m, 3/m . . . Only the minimum number of symmetry elements is used, omitting other equivalent elements. The D 2 group is 222, but D 2h is mmm because 2/m 2/m 2/m is redundant, as the perpendicular planes require C 2 axes. The group C 4v is 4mm, rather than 4m, because there are two distinguishable mirror planes. The point groups I and I h are not encountered in crystallographic groups.
The symmetry elements, proper rotation, improper rotation, inversion, and reflection are required for assigning a crystal to one of the 32 crystal systems or crystallographic point groups. Two more symmetry elements involving translation are needed for crystal structures-the screw axis, and the glide plane. The screw axis involves a combination of a proper rotation and a confined translation along the axis of rotation. The glide plane involves a combination of a proper reflection and a confined translation within the mirror plane. For a unit cell requiring a screw axis or a glide plane for its symmetry description, the corresponding crystallographic point group is obtained by setting translation equal to zero.
Miller Indices
Early investigators were interested in designating the faces of crystals. We choose an arbitrary lattice point as the origin and give the intercepts of the plane with the three crystallographic axes in units of a, b, and c. These three intercepts are known as the Weiss index of the plane. The numbers in the Weiss index can be positive or negative, 1 for a plane cutting at 1a, 
Stereographic Projections
Most crystals are imperfect, and the full symmetry is not apparent. Projection techniques are used to find the true symmetry of a crystal and its classification among the 32 crystallographic point groups.
We choose the center of the crystal as the origin and construct a sphere centered at the origin. A radius is drawn from the origin normal to each face and marked as a dot on the sphere. The symmetry of all of these points belongs to one of the crystallographic point groups. The spherical projection is reduced to a more convenient planar stereographic projection. The sphere is divided into hemispheres above and below the horizontal plane. The points of the ''northern'' hemisphere are connected by rays to the ''south pole.'' The intersection of each of these rays with the horizontal plane is marked by a solid dot. The intersection with the horizontal plane with each ray from a point in the ''southern'' hemisphere to the ''north pole'' is marked by an open circle. The highest symmetry axis is chosen as vertical. The great circle is a thick line if there is a symmetry plane in this plane; otherwise, it is represented by a thinner line. Vertical symmetry planes are represented as lines (diameters) through the center. In the cubic groups there are symmetry planes tilted relative to s v and s h planes. These are shown as portions of ellipses, projections on the great circles representing the tilted planes. Twofold axes in the equatorial plane are shown as a line connecting the symbols for C 2 . Special positions are those falling on the symmetry elements of the crystal or cell. Stereograms indicate these positions by the following symbols: The symbol for each axis appears in the great circle where its points of intersection with the sphere would project on the horizontal plane. These positions are at the center or on the great circle except for threefold and twofold axes of the cubic groups. The stereographic projections for a crystallographic point group are shown as two circles: one showing the symmetry elements, and one showing the array of points on the sphere resulting from the symmetry operations of the group acting on an initial general point. The projections of these points are solid dots for points on the upper hemisphere and are open circles for points on the lower hemisphere. A solid dot in an open circle indicates two points on the same vertical line. The two circles for stereographic projections can be combined unless the result is too cluttered for clarity.
The 32 Crystal Classes
A crystal is a well-tailored network or lattice of atoms. The construction of the lattice is directed stringently by the symmetry elements of the crystal. We can choose a central point and consider the periodical stacking around this point. Combinations of symmetry elements limit the arrangements to only 32 patterns-the 32 point groups or the 32 classes of crystals.
The five proper rotations 1, 2, 3, 4, and 6 give the corresponding point groups (C 1 , C 2 , C 3 , C 4 , and C 6 ) represented by the stereograms for the rotational C n groups in Figure 2 .7. The rotation-inversion axes shown in Table 2 .2 produce the five point groups 1 1(C i ), 2 2(m ¼ C s ), 3 3(S 6 ), 4 4(S 4 ), and 6 6(C 3h ¼ S 3 ), where C s ¼ S 1 and C i ¼ S 2 shown in Figure 2 .7. Combinations of proper rotation axes produce six more rotational point groups (D 2 , T, D 4 , D 3 , D 6 , and O), as diagrammed in Figure 2 .8. These are dihedral groups (D n ) plus the rotational groups T and O. Combinations of proper axes perpendicular to a mirror plane produce five point groups, 1=m ¼ m ¼ 2 2, 2=m, 3=m ¼ 6 6, 4=m, and 6/m. Two of these are identical with 2 2 and 6 6 shown in Figure 2 .7, leaving three additional point groups, 2=m (C 2h ), 4=m (C 4h ), and 6=m (C 6h ) represented in Figure 2 .8.
Combination of a proper rotation with a vertical mirror plane (m or s v ) produces the C nv groups, (1m ¼ m), 2mm (¼ mm), 3m, 4mm, and 6mm. The point group m (C s ) is included in Figure 2 .7, leaving four Figure  2 .9. These complete the 32 crystallographic point groups or crystal classes. These are grouped by Crystal Systems in Table 2 .3.
The 230 Space Groups
The 32 crystallographic point groups result from combinations of symmetry based on a fixed point. These symmetry elements can be combined with the two translational symmetry elements: the screw axis, and the glide plane. The results of these combinations give the rest of the 230 crystallographic space groups. Thirty-two of the space groups are the same as the point groups. In the crystals belonging to the 32 point groups each unit is reproduced without alteration. In the other space groups each unit repeats with translation and rotation or reflection.
Three investigators from different countries independently arrived at the 230 space groups around 1890: Federov (1853 -1919 , Russian) A. M. Schoenflies (1853 -1928 W. Barlow (1845 -1934 This is an impressive example of a major advancement occurring in three places at the right time. These men had to have thorough knowledge of the crystallography of the time, mathematics, and great insight. Table 2 .4 shows the crystal systems, point groups, and the corresponding space groups. The numbers for space groups are those as derived and numbered by Schoenflies. The space groups isomorphous to each point group are indicated by a superscript (e.g., Number 194, D 6h 4 ).
Hermann-Mauguin Notation and Classification
Designations for individual space groups use the notation proposed by Hermann and Mauguin in 1935. This notation has been adopted by the International Union of Crystallography and is in general use. The symbols provide more information than just the symmetry elements for a crystal. The first symbol is a capital letter: P for a simple or primitive lattice, I for a body-centered lattices, and F for face-centered lattices with all faces centered. Lattices with one face centered are designated A (100 planes), B (010 planes), or C (001 planes). R is the symbol for a face-centered trigonal lattice for which a primitive rhombohedral unit cell is chosen. After the general description of the unit cell a number identifies the major axis of rotation. For example, International symbol 
Representative Designation of Crystals
Commonly, many compounds with the same formula type have the same type of structure. Usually the most common compound is chosen as representative, but it could be the first structure of the type studied. For example, hundreds of binary compounds of the MX type have the same crystal structure as NaCl. Other compounds can be described as having the NaCl (or halite, the name of the mineral) structure. If the structure being considered has slight differences, these differences can be described in terms of the reference structure. One often sees statements such as a compound has a disordered spinel (MgAl 2 O 4 ) type structure or an inverse spinel structure. This requires knowledge of the spinel structure because ''inverse'' or ''disordered'' terms describe variations of occupancies of octahedral and tetrahedral sites. all of the necessary information at their fingertips. None of these has general approval or wide use. Professor Pearson (see Appendix A) adopted simple notation providing useful information. His Structure Symbol gives the crystal system by a lower case letter (e.g., m for monoclinic), the lattice type by a capital letter (e.g., P for primitive), and the number of atoms in the unit cell. The structure symbols are given in Table 2 .5. For example, the fluorite (CaF 2 ) structure is described as cF12 for a face-centered cubic unit cell containing 12 ''atoms'' (8F À and (1=8 Â 8) þ (6 Â 1=2) ¼ 4Ca 2þ ). The symbol for Al 7 Cu 2 Fe alloy is tP40, primitive tetragonal unit cell containing 40 atoms or 4Al 7 Cu 2 Fe units.
Pearson's Simplified Notation
Close Packing and the PTOT System 3.1. Close Packing Laves' principles, (a) the space principle, (b) symmetry principle, and connection principle, are very important in packing spheres: the spheres are expected to pack together in a crystal structure of highest symmetry, highest coordination, and with densest packing. If we let hard spheres of uniform diameter, such as marbles or ball bearings, arrange themselves in one layer on the bottom of a box, they form a two-dimensional close-packed layer. Each sphere is surrounded by a hexagon of six spheres at equal distance, and each of these spheres is at the center of such a hexagon (except at edges, of course). Figure 3 .1a shows this close-packed layer expanded so we can see the positions for added layers. The atoms touch in a close-packed layer. We can begin a second close-packed layer by dropping an identical sphere on the first layer. This sphere will roll into an indentation-any one, they are all equivalent. To keep track of positions in subsequent layers, let us label the positions of the spheres in the first layer A positions. Following the alphabetical order, we call the position of the sphere beginning the second layer position B. These letters label the positions as viewed from above the layers as in Figure 3 .1. Adding more spheres to complete the second layer, without moving the first one at position B, gives the B layer. It is identical to the first layer except shifted. The choice of the position of the first sphere of the second layer is arbitrary. Figure 3 .1b shows the positions of the two layers.
When we begin a third layer there are two choices:
(1) The spheres of the third layer can be directly above those in the first layer to give another A layer or the sequence ABA. Continuation of this sequence ABABAB . . . gives a structure known as hexagonal close packing (hcp). (2) The spheres of the third layer can be in the indentations of the second layer that are not directly above the first layer. These are C positions. Continuation of this sequence ABCABCABC . . . gives a structure known as cubic close packing (ccp).
